The oxidation of fluorene, a polycyclic hydrocarbon which is not a substrate for fungal lignin peroxidase, was studied in liquid cultures of Phanerochaete chrysosporium and in vitro with P. chrysosporium extracellular enzymes. Intact fungal cultures metabolized fluorene to 9-hydroxyfluorene via 9-fluorenone. Some conversion to more-polar products was also observed. Oxidation of fluorene to 9-fluorenone was also obtained in vitro in a system that contained manganese, unsaturated fatty acid, and either crude P. chrysosporium peroxidases or purified recombinant manganese peroxidase. The oxidation of fluorene in vitro was inhihited by the free-radical scavenger butylated hydroxytohiene but not by the lignin peroxidase inhibitor NaV0 3 . Manganese(III)-malonic acid complexes could not oxidize fluorene. These results indicate that fluorene oxidation in vitro was a consequence of lipid peroxidation mediated by P. chrysosporium manganese peroxidase. The rates of fluorene and diphenylmethane disappearance in vitro were significantly faster than those of true polycyclic aromatic hydrocarbons or fluoranthenes, whose rates of disappearance were ionization potential dependent. This result indicates that the initial oxidation of fluorene proceeds by mechanisms other than electron abstraction and that benzylic hydrogen abstraction is probably the route for oxidation.
Mn
2+ system. The insecticide DDT [1,1,1,-trichoro-2,2-bis(4-chlorophenyl)ethane] is extensively degraded by whole fungal cultures (6), yet the involvement of extracellular peroxidases in initial oxidative steps could not be shown (21). Polycyclic aromatic compounds with ionization potentials of greater than 7.55 eV, which are not substrates for LiP (e.g., phenanthrene), are nonetheless known to be degraded by the intact fungus (5, 16). Recent research in which an MnP-based lipid peroxidation system degraded phenanthrene may help to reconcile some of these observations (27) . Further, the products observed with this cell-free system were the same as those obtained with whole fungal cultures (16).
Fluorene, a polycyclic hydrocarbon with a benzylic methylene functional group, is not a LiP substrate (42). It is, nonetheless, oxidized by P. chrysosporium in liquid culture (this study) and in soil (13) and is depleted from soil slurries in bioreactors (37). Here we sought to determine whether transformation of fluorene occurs during the lipid peroxidation reactions mediated by P. chrysosporium peroxidases. Our results provide further evidence of the function of the MnP-based lipid peroxidation system in liquid culture and indicate that it may participate in xenobiotic degradation in contaminated soils inoculated with P. chrysosporium.
MATERIALS AND METHODS
Chemicals. [9- 1 4 C]fluorene , >98% radiochemical purity), unlabeled fluorene, benzo [a] pyrene, n -dodecyl -ß-D -maltoside, and sodium metavanadate were obtained from Sigma (St. Louis, Mo.), as was oleic acid (approximately 99% pure), which was stored under argon at -20 O C. [9- 14 C]9-fluorenone (11.3 mCi mmol -1 , radiochemical purity, >99%) was prepared from [ 14 C]fluorene by the cerie ammonium sulfate method of Periasamy and Bhatt (29) and purified by the high-performance liquid chromatography (HPLC) system described below. The purity of the product thus isolated was confirmed by gas chromatography (GC)-electron impact mass spectrometry. anthracene, fluoranthene, benzo[b] Enzyme preparation. Cultures of P. chrysosporium for peroxidase production contained 750 ml of BIII medium (20), with 10 mM trans-aconitic acid substituted for dimethylsuccinic acid, Following a 6-day incubation (with agitation at 200 rpm and daily flushing with O 2 ), the resultant fungal pellets were removed by filtration. The culture filtrate was then concentrated 100-fold, High-molecularweight polysaccharide was precipitated by freezing-thawing and removed by centrifugation. Following extensive dialysis against 5 mM sodium acetate (PH 6.0) . the crude peroxidase preparation was further concentrated (final volume, 20 ml) and sterilized by filtration through low-protein binding filters (Acrodisc 13: Gelman Sciences; Ann Arbor, Mich.). The enzyme activities in this final preparation were 2 x 10 4 nmol min -1 ml -1 for LiP by veratryl alcohol oxidation (38) and 3 X 10 4 nmol min -1 ml -1 for MnP on the basis of the vanillyl acetone assay (28).
Recombinant P. Chrysosporiurn MnP isozyme H4, purified from Aspergillus oryzae cultures (36), was used in some experiments, This preparation had an activity of 2 X 10 5 nmol min -1 ml -3 . Reaction conditions. Lipid peroxidation-based reactions were based on those of Moen and Hammel (27) , with some modifications. Reactions contained 20 mM sodium malonate buffer (pH 4.5), 200 µM Mn 2+ (as MnS0 4 ), 0.5%} n-dodecyl-ß-u-maltosidc, and 300 µM oleic acid (dispersed in n-dodecyl-ß-D-maltoside prior to addition). Reactions (total volume, 1.0 ml) were conducted in silanized, sterilized 7-ml borosilicate scintillation vials at room temperature as previously dcscribed (4, 27). Fluorene (20 µM final concentration, 1.0 x 10 5 dpm of 14 C) was added in acetonitrile (10 µ1), Butylated hydroxytoluene, when used, was emulsified in n-dodecyl-ß-D-maltoside prior to addition. Crude enzyme (see ahove) was added daily in 5-µ1 aliquots, Enzyme reactions to be analyzed by HPLC were terminated by addition of 1 ml of acetonitrile and filtered prior to injection.
The kinetics of fluorene oxidation were monitored by using reactions identical to those described above. Samples were taken as indicated (see Fig. 2 ) and analyzed by HPLC. The disappearance kinetics of 11 other compounds (benzo-[a] pyrene, anthracene, benz [a] anthracene, dibenz [a,c]anthracene, benzo[e] pyrene, benzo [c]phenanthrene, benzo[b] fluoranthene, fluoranthene, chrysene, phenanthrene. and diphenylmethane) were assessed by adding them (20 µM) individually to reaction mixtures as previously described (4). These reactions were sampled periodically, and percent disappearance of each PAH was determined by HPLC. Previous experiments (4) indicated that loss of PAHs from no-enzyme controls of this type was minimal ( < 10% of the input PAH in 7 days). Liquid culture studies. P. chrysosporium was inoculated as a spore suspension into 20 ml of trans-aconitic acid-buffered BIII medium in 125-ml Erlenmeyer flasks fitted with gas exchange ports. Cultures were maintained without agitation at 39 O C. Metabolite profiles for [
14 C] fluorene and [ 14 C]9-fluorenone were generated by adding the compound (30 µM final concentration: 2.0 x 10 5 dpm) in 50 µl of N,N-dimethylformamide after 3 days of mycelial growth, Following 3 weeks of incubation (with 0 2 flushing every 3 to 5 days), cultures were individually homogenized and extracted three times with 20-ml volumes of ethyl acetate. The resultant extracts were dehydrated with anhydrous Na 2 S0 4 , evaporated to dryness under N z . and redissolved in acetonitrile for HPLC analysis as described below.
HPLC and GC-mass spectrometry. All HPLC analysis were performed with a Vydac 201TP54 (25 by 0.46 cm) C 18 reverse-phase column (Nest Group, Southboro, Mass.). The HPLC gradient consisted of water-acetonitrile (each with 1% glacial acetic acid) as follows: 0 to 2 rein, 80:20;2 to 23 mln, ramp to 0:100. The flow rate was 1 ml min -1 . For quantitation of through a Flo-One radiochromatography detector (Packard Instrument Co., Downers Grove, Ill. ) operated in the time-resolved liquid scintillation counting mode with 5 ml of Flo-Scint V (Packard) min Table 1 ). Nonlinear regression analyses of the relationship between disappearance rate and IP, including calculation of 95% confidence bands for the regression, were performed as described by Bates and Watts (3) .
RESULTS
In vitro product identification. The product of the in vitro fluorene oxidation reaction had an HPLC retention time identical to that of a 9-fluorenone standard (Fig. 1) . The in vitro product, when isolated by HPLC, also had a GC retention time (15.3 rein) identical to that of the authentic 9-fluorenone, and the mass spectrometry spectra of the two compounds were the same: m/z 180 (M+; relative intensity, 100), 152 (-CO; relative intensity, 44), 151 (relative intensity, 23), and 150 (relative intensity, 15). Positive identification of the in vitro product as 9-fluorenone can therefore be made.
Requirements of the in vitro system/Mn(III) oxidation of fluorene. Table 1 shows the yield of 9-fluorenone in enzymemediated lipid peroxidation reactions. Full 7-day reactions contained most (88% ± 4%) of the input radioactivity, all as 9-fluorenone. Maximal conversion of fluorene to 9-fluorenone required unsaturated fatty acid, Mn 2+ , and crude enzyme (Table 1). A small amount of 9-fluorenone was produced in the 
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absence of oleate or Mn 2+ . The free-radical scavenger butylated hydroxytoluene (200 µM) blocked the formation of 9-fluorenone, whereas the selective LiP inhibitor sodium metavanadate (100 µM) (1) did not. Purified recombinant MnP was as efficient at fluorene oxidation as was the crude peroxidase preparation.
HPLC analysis of Mn(III)-malonate reactions with fluorene showed no transformation of fluorene by chelated Mn 3+ . All of' the 14 C recovered after incubation for either 2 or 24 h was present as unchanged fluorene (data not shown).
In vitro kinetics and intermediates. Analysis of reactions containing [
14 C]fluorene showed a lag time of 12 to 15 h, followed by rapid, almost quantitative conversion of fluorene to 9-fluorenone between 16 and 24 h (Fig. 2) . The reaction was linear during this time (r = 0.99), and the rate of fluorene oxidation was 3.1 ± 0.2 nmol h -1 . Small amounts of 9-hydroxyfluorene ( < 10% of the input 14 C; therefore, < 2 µM) were transiently observed. No evidence of further oxidation of 9-fltrorenone was detected in the in vitro system.
The kinetics of fluorene oxidation in vitro were compared to the disappearance kinetics of eight PAHs (benzo [a]pyrene, anthracene, benz[a] anthracene, dibenz [a,c]anthracene, benzo-[e] pyrene, benzo [c] phenanthrene, chrysene, and phenanthrene), two fluoranthenes (ffuoranthene and benzo [b] fluoranthene), and diphenylmethane. Diphenylmethane resembles fluorene in that it also contains a benzylic hydrogen. Data for these compounds are shown in Table 2 . Following a lag phase, linear disappearance kinetics were observed for all compounds; r values ranged from 0.82 (phenanthrene) to 0.99 (benz [a] anthracene) and averaged 0.95. Previous studies (4) demonstrated that essentially all input PAH was recovered from no-enzyme control reactions after 7 days, with no transformation observed.
In vivo metabolite profiles. An HPLC profile of organicsoluble radioactivity recovered from a typical 3-week culture containing [
14 C]fluorene is shown in Fig. lB . As expected (13),
one peak coeluted with 9-fluorenone. The major peak, however, was slightly more polar, with a retention time equal to that of a standard of 9-hydroxyfluorene. Addition of [9-14 C ]-fluorenone to cultures resulted in a profile similar to that seen with labeled fluorene (Table 3) . Again, most of the recovered radioactivity coeluted with 9-bydroxyfluorene. Thus, it can be concluded that at least some of the hydroxyfluorene peak seen in whole cultures is produced by reduction of 9-fluorenone and that the polar metabolizes generated in vivo are the result of further transformation of one or both of these intermediates.
DISCUSSION
The same in vitro system which has been used to oxidize phenanthrene and other high-IP PAHs (4, 27) with crude P. chrysosporium peroxidases was found to oxidize fluorene efficiently, yielding the ketone 9-fluorenone. Maximal formation of 9-fluorenorre in this system required an unsaturated fatty acid, Mn 2+ , and crude enzyme and was almost totally blocked by inclusion of the general free-radical scavenger butylated bydroxytoluene (Table 1) . However, although manganese is required for optimal fluorene conversion, Mrr 3+ chelates, the product of normal MnP turnover, cannot oxidize fluorene, which has an IP of 7.78 to 8.52 eV (11, 34, 35, 42) . This is not unexpected; Mn(III) chelates do not oxidize phenanthrene (1P, 8.03 to 8.19 eV [8] ) (27), and Cavalieri and Rogan (7) have shown a cutoff value of ca. 7.75 eV for one-electron PAH ionization by Mn 3+ in manganic acetate systems. Fluorene oxidation in vitro is therefore connected in some way to the MnP-dependent lipid peroxidation known to occur in this system. It is clear that LiP is not an essential component of the system because crude enzyme could be replaced by recombinant MnP. Moreover, fluorene oxidation to 9-fluorenone by crude enzyme was not inhibited by 100 µM NaV0 3 . This concentration is sufficient to inhibit veratryl alcohol oxidation by P. chrysosporiurn LiP almost totally but still allows approximately 50% of MnP activity (as measured by vanillyl acetone oxidation) under the range of enzyme levels used in this experiment (data not shown). It should also be noted that the IP of fluorene is well outside the LiP substrate range defined by Hammel et al. (17) and . Recent work with high-IP PAHs (4) found a strong correlation between IP and disappearance from both lipid peroxidation reactions and intact fungal cultures, arguing for a oneelectron oxidative mechanism for these compounds. These conclusions were based on analyses of in vitro reactions and whole cultures sampled at single time points. The in vitro kinetic data presented here clearly show a relationship between IP and the rates of disappearance of individual PAHs, thus strongly supporting the centrality of one-electron oxidative processes in this system.
As can be seen in Fig. 3 , however, the rates of disappearance of fluorene (3.1 ± 0.2 nmol h -] ) and diphenylmethane (0.30 ± 0.05 nmol h -1 ) were found to be anomalously high compared with those of either true PAHs or fluoranthenes, which were clearly correlated with substrate ionization potential (Fig. 3) . Peroxyl and/or alkoxyl radicals, generated from lipid hydroperoxides by any of several agents (Mn 2+ , Mn 3+ , and MnP heme iron), could react with xenobiotic substrates via several mechanisms: hydrogen abstraction, electron abstraction, and/or direct addition of the radical to an olefinic bond (26, 33). Oxidation of fluorene would most likely be dominated by electron or hydrogen abstraction pathways, as the rate for the gas phase reaction of fluorene with •OH, primarily an addition reaction (2), is one of the lowest among PAHs (26). However, because the rate of fluorene transformation in vitro is far greater than that predicted by ionization potential (Fig. 3) , we consider electron abstraction an unlikely route for fluorene oxidation. By contrast, H atom abstraction from fluorene is known to be caused by a variety of oxyradicals, including superoxide (23) and t-butyl perbenzoate-derived peroxyl radicals (32), in a relatively facile reaction. The ratio of the rate of fluorene disappearance to that of diphenylmethane disappearance observed in our system was approximately 10. This result agrees reasonably well with those obtained by Russell (32) , who observed an approximately 2.5-fold higher rate of peroxyl radical-mediated oxidation of fluorene than of diphenylmethane. In summary, abstraction of fluorene's benzylic hydrogen, probably by an oxyradical species, appears to be the most likely pathway for formation of a 9-hydroxyfluorene intermediate, which is subsequently rapidly oxidized to 9-fluorenone.
The only product of fluorene metabolism by P. chrysosporium identified to date is the ketone 9-fluorenone, which has previously been isolated from soil cultures (13) and has now been isolated from liquid culture. In the present study, 9-hydroxyfluorene accumulated in liquid cultures to a greater extent than did 9-fluorenone. In vitro experiments produced the ketone with transient accumulation of 9-hydroxyfluorene. The 9-hydroxyfluorene observed in cultures containing fluorene may be produced either as a transient intermediate during fluorene oxidation or via the later reduction of 9-fluorenone.
Previous evidence of the relevance of the in vitro lipid peroxidation system to fungal bioremediation processes has been confined to the commonality of its products and those observed in whole liquid cultures of P. chrysosporium (16, 27) . Now it is evident that this process may account for at least some xenobiotic transformation by ligninolytic fungi in soil. The hyphae of Phanerochaete and similar species are rich in unsaturated lipids (15, 24, 25) , and soils frequently contain high levels of manganese and lipid material; thus, lipid peroxidation-mediated co-oxidation of xenobiotics by white rot fungi in soil can be easily envisioned.
